Cardio-oncology is a rapidly growing field aimed at minimizing the effects of cardiovascular morbidity and mortality in cancer survivors. To meet this aim, patients are assessed at baseline to define their risk of cardiotoxicity and then followed closely during and after chemotherapy to assess for early signs or symptoms of cardiovascular disease. Cardiac imaging, and in particular, transthoracic echocardiography, plays an essential role in the baseline assessment and serial follow-up of cardio-oncology patients. The objectives of this paper are to review the mechanisms of cardiotoxicity of several common chemotherapeutic agents associated with an increased risk for left ventricular systolic dysfunction and to outline recommendations regarding the baseline assessment and serial follow-up of cardio-oncology patients with a focus on the role of echocardiography.
Introduction
Cardio-oncology is an emerging field that takes a teambased approach with cardiologists, oncologists, and hematologists working together for the prevention, early detection and management of cardiovascular disease in cancer patients throughout all stages of cancer therapy and in the survivorship period. The field is rapidly growing due to the recognition that many agents that are effective cancer therapies leave survivors at heightened risk for cardiovascular disease. Since the original call to arms regarding the need for dedicated systems to care for these patients in 2010, cardio-oncology clinics have developed around the world, and the demand for cardiooncology clinics is only going to continue to grow as cancer survivorship increases (1, 2) . There are an estimated 15.5 million cancer survivors living in the United States and 2 million cancer survivors living in the United Kingdom and these numbers are predicted to grow (3, 4) .
Chemotherapy and radiation therapy can put patients at risk for a variety of cardiovascular complications including heart failure, coronary artery disease, peripheral vascular disease, thromboembolism, pericardial disease and valvular heart disease. Cancer patients receiving therapy with known cardiac risk require close monitoring during and after treatment. Echocardiography plays an essential role in the early detection of many of these cardiac complications. The objectives of this review are to define the mechanisms of cardiotoxicity of common chemotherapeutic agents associated with an increased risk for left ventricular systolic dysfunction and to outline an approach to the clinical assessment and management of patients at risk for cardiotoxicity from these agents, with a focus on the role of echocardiography. a decade. She was diagnosed with heart failure with a left ventricular ejection fraction (LV EF) of 35% (Videos 1 and 2). Her clinical course was complicated by recurrent atrial fibrillation and inappropriate defibrillator shocks. Due to progressive heart failure, she received a left ventricular assist device and later a heart transplant. She died at the age of 36 years.
Video 1
Parasternal long axis view from the transthoracic echocardiogram of a 25 year old woman who was a survivor of childhood cancer demonstrating left ventricular hypokinesis. View Video 1 at http://movie-usa. glencoesoftware.com/video/10.1530/ERP-17-0013/video-1.
Video 2
Apical four chamber view from the transthoracic echocardiogram of a 25 year old woman who was a survivor of childhood cancer demonstrating left ventricular hypokinesis. View Video 2 at http://movie-usa. glencoesoftware.com/video/10.1530/ERP-17-0013/video-2.
The second case demonstrates the benefit of cardiac surveillance. A 57-year-old female was referred to a cardio-oncology clinic in the midst of therapy for breast cancer. She had completed 4 cycles of chemotherapy with cyclophosphamide and doxorubicin (an anthracycline) and 3 months of trastuzumab (of a planned 12-month course). She was asymptomatic, but there had been a change on surveillance echocardiograms. Her LV EF had decreased from 60% at baseline (Video 3) to 49% (Video 4) at the time of cardio-oncology referral and her global longitudinal strain (GLS) had changed from −20% to −17% in the same interval ( Fig. 1A and B ). Given these changes and mild tachycardia, she was started on carvedilol. On follow-up echocardiograms her LV EF improved initially to 55% and then to 61% (Video 5). Her GLS also normalized (Fig. 1C) . She was able to complete her prescribed course of trastuzumab. 
Cancer therapeutics-related cardiac dysfunction
Cardiotoxicity in the form of left ventricular dysfunction will be the primary focus of this review. It has historically been defined by changes in LV EF. Most recently, cancer therapeutics-related cardiac dysfunction (CTRCD) was defined as a drop in LV EF of ≥5% in symptomatic patients or a drop in LV EF of ≥10% to an EF of <53% in asymptomatic patients (5) . Two types of CTRCD have been described. Type 1 is an irreversible, dose-dependent toxicity that results from ultra-structural changes in the myocardium. It is typified by anthracycline cardiotoxicity (6, 7) . Anthracyclines are a class of chemotherapeutic agents frequently used in the treatment of breast cancer, lymphoma, leukemia, and sarcoma, which include the following agents: doxorubicin, daunorubicin, idarubicin and epirubicin. Mitoxantrone is a closely related agent that can also result in type I CTRCD. Anthracyclines inhibit the function of topoisomerase 2B in cardiomyocytes leading to DNA double strand breaks, mitochondrial dysfunction, the development of reactive oxygen species and damage to or death of cardiomyocytes (8) . Patients who have received a cumulative dose of >250-300 mg/m 2 of doxorubicin or its equivalent are considered to be at high risk of developing CTRCD; however, there is individual variability with some patients developing cardiotoxicity at lower cumulative doses (6, 9, 10) .
Anthracycline cardiotoxicity most frequently presents as either early-onset chronic progressive (within the first year after completion of chemotherapy) or late-onset chronic progressive (greater than 1 year after completion of therapy) left ventricular systolic dysfunction, which is usually irreversible. Clinically, patients present with dilated cardiomyopathy. Those with late-onset chronic progressive cardiotoxicity can present as long as 1-2 decades after completion of cancer therapy. Much less commonly, anthracycline cardiotoxicity can present acutely as left ventricular systolic dysfunction immediately after administration of a dose of anthracycline and may be reversible (9) . Type 2 CTRCD is largely reversible, not dose dependent, and does not cause ultra-structural changes in the myocardium. It is typified by trastuzumab cardiotoxicity. Trastuzumab is most commonly used in the treatment of breast cancer. Importantly, because type 2 toxicity is usually reversible, re-challenge with the offending drug is usually well tolerated after initiating cardiac protective therapy (7, 11) . Trastuzumab causes cardiac dysfunction through its target, human epidermal growth factor receptor 2 (HER2). Inhibition of HER2 on cardiomyocytes blocks an important signaling pathway involved in the prevention of dilated cardiomyopathy when the myocardium is under stress (7, 12) . This mechanism explains why patients who receive an anthracycline and trastuzumab for breast cancer treatment are at higher risk for CTRCD than those who receive either agent alone (13) . Other chemotherapeutic agents that have been associated with a risk of type II CTRCD include lapatinib, pertuzumab, imatinib, sorafenib, sunitinib, bevacizumab and bortezomib (5, 9) .
In addition to CTRCD, vascular disease (coronary and/or peripheral) is the other major long-term cardiovascular risk associated with chemotherapy and radiation therapy. A similar schema of type 1 and type 2 toxicity has been proposed for vascular toxicity related to chemotherapeutic agents. In this schema, type 1 vascular toxicity is associated with persistent risk of vascular events even after drug discontinuation. Type 1 vascular toxicity is typified by the tyrosine kinase inhibitors nilotinib and ponatinib. Tyrosine kinase inhibitors have also been associated with new or worsening hypertension. Type 2 vascular toxicity is associated with risk while the patient is receiving chemotherapy, but the risk returns to baseline after therapy is complete. Type 2 toxicity is typified by 5-fluorouracil (14) . A complete review of vascular toxicity is beyond the scope of this article; however, it is an important aspect of cardio-oncology and providers caring for these patients may be interested in one of the several recently published articles on the subject (14, 15) .
Risk factors for cancer therapeutics-related cardiac dysfunction
A multi-hit hypothesis has been proposed to explain CTRCD. By this hypothesis, multiple insults to the myocardium increase the risk of developing cardiotoxicity. These insults to the myocardium can be in the form of pre-existing cardiovascular disease (coronary artery disease, heart failure and arrhythmias) or cardiovascular risk factors ( mellitus and hyperlipidemia) (11, 16) . Use of multiple different chemotherapeutic agents with potential for cardiotoxicity and/or the combination of chemotherapy and radiation therapy increase the risk for cardiotoxicity. In addition to the previously mentioned agents, cyclophosphamide and paclitaxel (which are frequently used in combination with anthracyclines) have been associated with an increased risk of cardiotoxicity (9) . The risk of anthracycline cardiotoxicity is also increased by female gender, administration of higher single doses, bolus dose administration, higher cumulative doses and the specific agent administered (6, 9, 17) . In a metaanalysis of 55 randomized controlled trials, epirubicin and liposomal doxorubicin were associated with a lower risk of clinical and subclinical cardiotoxicity than doxorubicin; mitoxantrone was associated with a lower risk of clinical cardiotoxicity, but not of subclinical cardiotoxicity, when compared to doxorubicin (18) .
Baseline patient assessment
In a cardio-oncology clinic, the patient assessment begins before the start of chemotherapy by estimating the risk for cardiotoxicity. Two factors need to be taken into consideration when assessing the risk: (1) the risk associated with the specific chemotherapy and/or radiation therapy they will be receiving and (2) the risk related to their co-existing cardiac risk factors, age and sex. These factors can be used to generate a risk score (Fig. 2) 
(11).
In patients assessed to be at high risk, cardioprotective medical therapy with an angiotensin-converting enzyme inhibitor (ACEi) or angiotensin receptor blocker (ARB), a beta blocker, and/or a statin should be considered before the initiation of chemotherapy (9, 11) . In patients at intermediate risk, it is also reasonable to have a discussion with the patient about the potential risks vs benefits of initiating cardioprotective medical therapy before chemotherapy (11) . These agents have all been associated with a decreased incidence of cardiotoxicity, albeit in relatively small heterogeneous studies (different trial designs, cancer types and treatment regimens) (19, 20, 21, 22) . Dexrazoxane is another cardioprotective agent that can be used to reduce the risk of anthracycline cardiotoxicity in patients with metastatic breast cancer if a cumulative dose of 300 mg/m 2 of doxorubicin has been reached and ongoing anthracycline-based chemotherapy is recommended (9, 19) . All patients receiving potentially cardiotoxic therapy, regardless of their calculated risk, should have optimization of cardiac risk factors prior to the initiation of chemotherapy. This includes optimizing blood pressure, lipids and blood sugar; smoking cessation and encouraging compliance with dietary and exercise recommendations for primary prevention of cardiovascular disease (23) . Additionally, all patients require close follow-up throughout their course of chemotherapy and thereafter to monitor for signs of cardiotoxicity.
Serial cardiac monitoring
The European Society of Medical Oncology published algorithms for the serial cardiac monitoring of patients at risk for type 1 and type 2 cardiotoxicity (9). Additionally, the European Association of Cardiovascular Imaging (EACVI) and the American Society of Echocardiography (ASE) published a consensus statement in 2014 on the multimodality imaging assessment of patients during and after cancer therapy (5) . These algorithms all begin with a baseline assessment of LV EF. Echocardiography is frequently used in the serial assessment of LV EF in patients undergoing chemotherapy because of its widespread availability and the absence of radiation exposure. However, cardiac magnetic resonance imaging and gated radionucleotide angiography can also be used for serial assessment of cardiac function. Whichever technique is chosen for LV EF monitoring in a given patient, it is important that the same technique is utilized for that patient's follow-up imaging. If the baseline EF is abnormal, then cardiology consultation should be obtained before initiating therapy. If the baseline LV EF is normal, then the timing of subsequent imaging follow-up depends on whether the patient is receiving an agent associated with type I toxicity (Fig. 3) or type 2 toxicity (Fig. 4) and upon whether or not biomarkers are also being utilized for cardiac monitoring (Fig. 3) (9) . If evidence of cardiotoxicity (Fig. 4 ) (9) . There are limited and conflicting data to support the use of medical therapy for type II CTRCD (20, 24) . However, until further data are available, it is our practice to do so as it may promote the recovery of ventricular function and reduce the risk for subsequent ventricular dysfunction after chemotherapy is resumed. In patients who experience a type I toxicity, however, avoidance of further exposure to the offending agent should be recommended and alternative chemotherapeutic agents considered, if clinically indicated.
Early detection of subclinical cardiotoxicity
One major limitation to the use of LV EF to monitor for cardiac dysfunction is that changes in LV EF usually occur at a later stage when significant toxicity has already occurred. To minimize the risk of irreversible cardiomyopathy, the goal is to identify signs of toxicity as early as possible so medical therapy can be initiated. In patients with anthracycline toxicity, earlier initiation of medical therapy is associated with an increased likelihood of subsequent improvement in LV EF (25) . Defining methods to detect cardiotoxicity before it manifests as a decline in the LV EF or symptomatic heart failure is an area of active investigation. Some of the most promising techniques to date have been various parameters of left ventricular strain and strain rate. GLS is of particular interest because it can be incorporated into a clinical echocardiographic examination relatively efficiently with currently available technology. A recent systematic review identified 6 studies that examined the prognostic value of changes in GLS for predicting subsequent declines in LV EF and/or clinical heart failure. The individual studies were small (36-81 patients) and utilized varying definitions of a significant change in GLS to define subclinical LV dysfunction in patients being treated with trastuzumab and/or an anthracycline. However, subclinical LV dysfunction as defined by GLS was found to have a sensitivity ranging from 65% to 86% and a specificity ranging from 73% to 95% for predicting subsequent declines in LV EF or heart failure (26). Longitudinal strain rate, radial strain and strain rate and circumferential strain and strain rate have also been shown to be early predictors of cardiotoxicity (26, 27) . The EACVI and ASE recommend assessing GLS as a routine component of clinical echocardiograms in patients at risk for type 1 or type 2 cardiotoxicity (5). A relative percentage decrease in GLS >15% is indicative of subclinical LV dysfunction. A relative decrease <8% is consistent with no evidence of subclinical LV dysfunction (5) . A relative decrease in GLS between 8% and 15% is a gray zone and closer follow-up should be considered to see if there is a trend toward further decrease in GLS at the next assessment. A clinical trial is ongoing to determine whether using changes in GLS to guide the initiation of cardioprotective therapy improves clinical outcomes (Strain surveillance during chemotherapy for improving Cardiovascular Outcomes (SUCCOUR) Trial; https://www.anzctr.org.au/Trial/Registration/TrialReview. aspx?id=366020; accessed 12/20/2016). Although we await data from this trial, cardiac protective therapy with an ACEi or ARB and/or a beta blocker is recommended in our cardio-oncology clinic if subclinical LV dysfunction develops. Subclinical LV dysfunction is also an indication for cardio-oncology consultation if the patient is not already being followed by cardiology. Cardiac biomarkers may play a complementary role to cardiac imaging in monitoring patients for cardiotoxicity. Elevations in cardiac troponin I (TnI) either early (checked with each cycle of chemotherapy) or late (one month after completion of last cycle of chemotherapy) have been shown to be predictive of LV EF reduction and cardiac events (28) . The greatest value of TnI may be the high negative predictive value, such that patients who do not have an elevation in TnI have a very low cardiac event rate and perhaps need less-frequent surveillance imaging. The ESMO outlines two pathways for cardiac monitoring during therapy with an anthracycline (Fig. 3) . One pathway involves only cardiac imaging. The second pathway utilizes TnI and cardiac imaging (9) . Further study is needed to determine the optimal time at which to assess cardiac troponin after chemotherapy and to determine the level of cardiac troponin to be used as a threshold to predict increased cardiac risk (5) . This process is complicated by variability in normal troponin values across laboratories and assays. Natriuretic peptides have also been studied as potential biomarkers for early detection of cardiotoxicity. However, the results have been mixed as to whether elevation in natriuretic peptides predicts subsequent cardiac dysfunction (5) .
Stress echocardiography is also being studied for a potential role in the detection of subclinical LV dysfunction. Although resting LV EF and strain may be within normal limits, patients who are undergoing or who have previously undergone chemotherapy may have a reduced cardiac reserve, which could potentially be detected with exercise or pharmacologic stress (5) . Studies looking at stress echocardiography in cancer survivors vs healthy controls have shown mixed results with regard to whether there is evidence of reduced cardiac reserve in cancer survivors (29, 30, 31, 32) . However, when dobutamine stress echocardiograms were assessed prospectively during high-dose chemotherapy for breast cancer, a fall in cardiac reserve was found to be predictive of a subsequent decline in the LV EF (33) . This is an area of ongoing investigation, and further study is needed before incorporation into clinical practice can be routinely recommended.
Long-term cardiovascular monitoring
Survivorship programs managed by Oncology or Hematology help coordinate long-term follow-up for cancer survivors. Cardio-Oncology clinics should work with such survivorship programs to assure patients who received potentially cardiotoxic therapies receive optimal cardiac follow-up. Unfortunately, limited data are available to guide long-term cardiac follow-up recommendations after potentially cardiotoxic chemotherapy. A yearly history and physical exam to assess for early signs of cardiovascular disease is recommended in a recent expert consensus document from the ASE and ESCVI. However, routine cardiac imaging after completion of chemotherapy is not recommended if the LV EF and GLS are normal 6 months after completion of chemotherapy and there are no additional factors increasing an individual's risk (5) . The ESMO guidelines recommend assessment of LV EF 12 months and 18 months after the initiation of potentially cardiotoxic therapy and further assessment of LV EF after treatment as clinically indicated. They also recommend the assessment of cardiac function 4 years and 10 years after completion of anthracycline therapy in patients who received >240 mg/m 2 of doxorubicin or >360 mg/m 2 of epirubicin (9) .
Patients who develop type 1 cardiotoxicity require long-term treatment in accordance with heart failure management guidelines (34, 35) . Long-term echocardiographic follow-up is not required for patients who only received an agent associated with a risk for type II cardiotoxicity if they did not develop cardiotoxicity during the course of their therapy (11) . The optimal cardiac therapy and duration of cardiac therapy for patients who develop type II cardiotoxicity is unknown (9, 11) .
Radiation therapy and cardiovascular toxicity
Patients who have received radiation therapy are at risk of long-term cardiovascular toxicity including radiationinduced heart disease (valvular disease, pericardial disease, myocardial disease and coronary artery disease) and peripheral artery disease depending on the field of radiation. Risk factors for radiation-induced heart disease include anterior or left chest radiation, cumulative clinical practice radiation dose >30 Gy, radiation fraction dose >2 Gy/ day, age <50 years, tumor in or near the heart, lack of shielding, concomitant chemotherapy particularly with an anthracycline, smoking and medical comorbidities (diabetes mellitus, hypertension, hyperlipidemia and obesity) (36) . The ESCVI and ASE expert consensus statement recommendations for long-term follow-up after radiation therapy suggest a yearly physical examination to assess for symptoms or signs of radiation heart disease or peripheral vascular disease, which if present should prompt further evaluation. Individuals are considered to be at high risk for radiation heart disease if they received radiation to the anterior chest or the left side of the chest and have one additional risk factor. In asymptomatic patients, a transthoracic echocardiogram is recommended 5 years after exposure in high-risk individuals and 10 years after exposure in all others. Subsequently, transthoracic echocardiograms are recommended for reassessment every 5 years. Additionally, a cardiac stress test is recommended after 5 years in high-risk individuals, and after 10 years, in all others to assess for coronary artery disease related to radiation vasculopathy (36) .
Conclusion
Cardio-oncology is a growing field that aims to optimize the cardiovascular care received by cancer patients before, during and after chemotherapy and/or radiation therapy. Cardiovascular disease can cause significant morbidity in cancer survivors. The goal is to decrease this morbidity by early risk factor modification, serial monitoring with imaging and/or biomarkers, cardioprotective medical therapy and optimal medical therapy for cardiotoxicity when it occurs. Further study is ongoing and greatly needed to define the optimal methods to achieve these aims with regard to both surveillance methods and timing of surveillance as well as to optimal medical therapies for prevention and treatment of type I and type II CTRCD.
